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HORIZONTAL AXIS WIND TURBINE ROTOR DESIGN 
SUMMARY 
 
In this study, a horizontal axis wind turbine rotor, which is producing 5 kW power at 
10 m/s wind speed, is designed. Firstly, the conceptual design of wind energy 
conversion system is done and design requirements are constituted. In these limits, a 
rotor blade, that has high efficiency, lightweight, ease of manufacture and low cost, 
is being wanted to design. The aerodynamic design is built on efficiency and ability 
of manufacturing constraints. The blade geometry is designed and its performance is 
calculated by using blade element momentum theory. A MATLAB program is 
prepared for geometry and performance calculations. As a consequence of 
calculations, a rotor that has three tapered and twisted blades and power coefficient 
of 0.476 is designed. The blade is extended from 2.5 m to 2.6 m long to recover the 
power loss occurred by the linearization process. The CAD model of the blade and 
whole turbine is modeled using CATIA. 
The next step structural design and analysis is performed after determination of the 
geometry. Fiber glass/epoxy composite material is chosen because of its lightweight, 
low cost and easy to obtain. The blade structure is modeled as hollow and shell 
structured and stress and strain components are determined using ANSYS 7.0 FEA 
commercial software. The maximum loads that affect the blade are calculated and 
applied on Finite element model. The different laminate lay-up schedules are 
analyzed and a spar web and spar caps are created inside the blade to lower the 
weight and to stiffer the structure. The strain results are used as structural failure 
criteria. After modal analysis is done, blade’s natural frequencies are compared with 
rotation frequency and tower frequency. It is seen that the results obtained from non-
linear static analysis and modal analysis are reasonable. 
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YATAY EKSENLİ RÜZGAR TÜRBİNİ ROTORU TASARIMI 
ÖZET 
 
Bu çalışmada, 10 m/s rüzgar hızında 5 kW güç üreten yatay eksenli bir rüzgar türbini 
rotoru tasarımı yapılmıştır. İlk önce, rüzgar enerjisi dönüştürücü sistemin kavramsal 
tasarımı yapılmış ve tasarım gereksinimleri oluşturulmuştur. Bu çerçevede verimi 
yüksek, hafif, üretimi kolay ve düşük maliyetli bir rotor palası (kanadı) tasarlanmak 
istenmiştir. Aerodinamik tasarımı verimlilik ve imal edilebilirlik kısıtları üzerine 
kurulmuştur. Performans hesabı ve geometri hesabı için MATLAB programı 
hazırlanmıştır. Hesaplamalar sonucu burulan ve sivrilen 3 paladan oluşan 0.476 güç 
katsayısına sahip bir rotor tasarlanmıştır. Linearleştirme sonucu oluşan güç kaybını 
telafi etmek için rotor yarıçapı 2.5 m den 2.6 m ye uzatılmıştır. Palanın ve tüm 
türbinin CAD modeli CATIA kulanarak modelenmiştir. 
Bir sonraki aşama yapısal tasarım ve analizi pala geometrisinin belirlenmesinden 
sonra gerçekleştirilmiştir. Yapısal tasarımı için hafifliği, düşük maliyeti ve kolayca 
temin edilebilmesi sebebiyle fiberglass/epoksi kompozit malzemesi seçilmiştir. Pala 
içi boş ve kabuk olarak modellenmiş ve gerilme ve gerinme komponentleri ANSYS 
7.0 SEA ticari yazılımı kullanarak yapılmıştır. Palaya etkiyebilecek maksimum 
yükler hesaplanarak sonlu elemanlar modeline etkitilerek analiz yapılmıştır. Daha 
hafif ve sağlam bir yapı elde edebilmek için farklı tabaka kompozisyonları analiz 
edilmiş ve iç kısımda bir spar perdesi ve başlıkları oluşturulmuştur. Gerinme 
değerleri yapısal bozulma kriteri olarak kullanılmıştır. Daha sonra modal analizi 
yapılmış ve doğal frekansları rotorun dönme frekansı ve türbini taşıyan kulenin doğal 
frekanslarıyla karşılaştırılmıştır. Non-lineer ve modal analiz sonucu elde edilen 
değerlerin uygun olduğu görülmüştür. 
  
 x
1. INTRODUCTION 
The need of energy has been the biggest problem of the human being from the 
beginning of the human life because by the development of the civilization the need 
of energy is grown. So for the human development to continue, we will ultimately 
need to find new renewable or inexhaustible energy sources. What will the humans 
do for the next centuries after on ground and underground energy sources are 
finished? Are we going to continue to violate our earth nature? These questions make 
the human being to search alternative energy sources. One of the popular and rapidly 
increasing energy source is wind energy and the basic topic of this study: wind 
energy conversion systems.  
Advantages of wind energy: 
• Renewable and inexhaustible, 
• No raw material cost, 
• Low operational and maintenance cost, 
• No waste, clean energy, 
• Doesn’t need transportation, 
• National energy source. 
Disadvantages of wind energy: 
• Discontinuity of wind speed, 
• Storage, 
• Integration to grid because of peak power variation. 
The historical perspective of wind energy technology development is explained in 
Appendix A in detailed. 
The development of wind turbines started in Persia about 500-900 A.D. The first 
electricity generating machine is builded by C.F. Brush in 1888 and 3 years after, 
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D.P La Cour developed the first electrical output machine that incorporated the 
aerodynamic design principles [1]. The origin of the basic aerodynamic analysis 
concepts of windmills and airscrew propellers is builded by Glauert [2]. He applied 
first the momentum and energy relationships for simple axial flow and then 
considered the effects of flow rotation after passing through the rotor as well as the 
secondary flows near the tip and hub [3]. Wilson extended Glauert’s work and 
presented a step-by-step procedure for calculating performance characteristics of 
wind turbines. The analysis was based on a two-dimensional blade-element strip 
theory and iterative solutions were obtained for the axial and rotational induction 
factors [3, 4]. 
In recent 20 years, National Renewable Energy laboratory, Sandia National 
Laboratories, UIUC in U.S. and Risoe National Laboratories and TU-Delft in Europe 
did significant studies on developing wind turbines especially on aerodynamics of 
rotor. Selig from UIUC Tangler and Somer from SERI (now NREL) developed 
specifically designed airfoils for wind turbines [5, 6, 7]. Sandia National 
Laboratories supported many studies that included new materials, fatigue of blades, 
manufacturing techniques, structural dynamics and aeroelasticity in U.S. and they 
can be obtained from Sandia National Laboratories website [8, 9]. In University of 
Newcastle, Australia, Wood and Bechly made significant studies on small systems 
[10, 11]. Structural static and dynamic analysis with FEA was done by El Chazy and 
Bechly using plate and shell elements [11, 12]. 
In this thesis study, a horizontal axis wind turbine rotor that produces 5 kW at 10 m/s 
will be designed. Firstly, The concepts and requirements of wind turbine will be 
determined. Then, aerodynamic design will be done by determination of rotor 
geometry and performance values will be obtained with structural and simplicity of 
manufacturing considerations. The blade element momentum theory will be used 
because it proved accurate for a wide variety of rotors and they are simple to learn 
and use [7]. To ease the manufacturing process, blade geometry will be reformed. 
Secondly, Structural design will be done to obtain a blade that able to withstand 
extreme wind conditions and light weighted. The static analysis and modal analysis 
will be done using finite element method with commercial software. 
Fiberglass/epoxy composite plies with different laminate lay-up schedules and 
stiffener elements will be analyzed to find out the proper structural form. 
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2. THE CONCEPTUAL DESIGN OF A WIND TURBINE 
A design starts with the determination of the requirements, which is the blend of the 
necessities and opportunities. Wind energy conversion systems convert the kinetic 
energy of the wind to mechanical energy then electric energy. The rotor does 
conversion to mechanical energy and the generator converts mechanical energy to 
electric energy. So first component that welcomes the wind is rotor and main 
component that determines the efficiency of a turbine is rotor.  
2 30.5P Rρπ= U       (2.1) 
 (Eq 2.1) express the power of the wind. It can be seen by the (Eq 2.1) that the power 
captured by rotor is effected by air density, rotor swept area and wind speed. Air 
density changes can be neglected. The power of wind is determined by the square of 
rotor radius and cube of wind speed. But rotor cannot capture of all the energy in the 
swept area. There is some losses occur by the wind while passing the rotor disc. 
Theoretically, the maximum energy that can be achieved by wind is %59.3 (Betz 
limit)[13]. Than we can define power by: 
2 30.5.PP C R Uρπ=       (2.2) 
CP is the parameter that determines the power production of a turbine. Aerodynamic 
shape of rotor and rotor speed affect the value of CP.  
In this study we will try to obtain a reasonable CP value within the other limitations.  
2.1. Determination Of Configuration 
2.1.1 Operational Conditions 
The expectations for designing new wind turbines are a reasonable efficiency, easy 
manufacturing, easy setup and low cost. The first determination for a wind turbine is 
the deciding the rotation axis, vertical axis or horizontal axis. In this study horizontal 
axis turbines are selected because of their efficiency and aerodynamic shape. 
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Horizontal axis wind turbines are mostly classified with their power production. 
They are small size (less than 50 kW), mid-size (>50 to 100 kW) and large-size 
(more than 100 kW). In this study, we will design a small size turbine because of 
lower investment cost. It can be easily setup and tested. The manufacturing process 
has to be uncomplicated also. It is thought that designing a small size HAWT will be 
the first step of developing better and bigger size HAWT. By going on this roadmap, 
it is decided to design a 5 kW size HAWT. The cost and the turbine installing 
location conditions are the other constraints. 
The direction of receiving the wind, downwind or upwind, has to be selected. Most 
of the HAWTs (horizontal axis wind turbines) are builded in upwind configuration. 
Downwind which enables self-alignment of the rotor with the wind direction 
(yawing), but it causes the wind to be deflected and made turbulent by the tower and 
nacelle before arriving at the rotor (tower shadow). So this effect can reduce the 
performance and produce unexpected loads during operation. In this situation, using 
upwind rotor will be better solution. 
2.1.2 The Rotor 
The number of blades in a wind turbine rotor can vary. It depends on what machine 
the rotor has to drive, at what wind speed turbine get started, and how to construct 
the blades. For one blade, the problem is that this concept is hard to balance. It must 
run very fast in order to pick up the necessary lift. This creates noise from the tips 
and gives several dynamical vibrations, hard to control in the blades and in the rest of 
the construction. A two bladed concept is easier to balance, but still has some 
dynamical problems. The rotor also yaws quite abruptly. It can be hard to get a two 
bladed rotor started in very low winds (3 m/s). A 3 bladed rotor is easy to balance 
and yaws smoothly. 2 and 3 bladed rotors have only moderate starting torques. 
Theoretically, a two-bladed machine should be less expensive and more efficient 
than a three-bladed one. But considerable refinements are still needed to offset the 
greater stability and lower per-blade loads of three-bladed designs. And the optical 
illusion of speed fluctuations and out-of-plane rotation associated with two-bladed 
machines makes them less attractive. 
Multi bladed rotors like old American water pumping windmills have blades with a 
strong twist at the tip. This is against the theory of making efficient blades, but it 
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provides a big starting torque in order to get the rather heavy mechanical pump 
started. Once started the rotor keeps on working with a rather low efficiency. 
However efficiency is not considered important in this case. A steady pumping of 
water is considered important. In this design study, 3 bladed rotor is chosen for its 
reasonable efficiency and stability. 
HAWT rotor blades are similar to aircraft wings and rotorcraft blades. Airfoil is the 
wing section that defines the aerodynamic characteristics. Airfoil and its parameters 
(AoA, CL, CD) are very important and designative on power producing. The lift and 
the drag forces depend on the geometry of airfoil and Reynolds number. For this 
purpose, we have to choose an efficient airfoil for rotor blades which must have high 
lift to drag ratio at low Reynolds numbers (100,000 - 1,000,000) and the thickness of 
airfoil has to be considered for structural design and manufacturing. 
2.1.3 The Generator and Transmission: 
Wind turbine rotors rotate at low rpm (30 - 750 rpm) for small size applications rotor 
rotates faster. When the size increases, generator rpm decreases. Most of the 
generators, builded before, has higher rpm (1000 - 3000 rpm). This difference can be 
covered by gearbox systems. But gearboxes make efficiency losses, extra weight and 
noise. The generators must have low starting torque to achieve power at low wind 
speeds. For this purpose, direct-drive brushless permanent magnet generator (PMG) 
is seemed to be better solution because of its lightweight, low speed and 
performance. Direct-driven, brushless permanent magnet generators are selected for 
this design.  
2.1.4 The Tower 
There are two alternatives for tower. lattice or tubular. Tubular towers have visual 
beauty and simpler for small size applications. They have to be connected to ground 
by steel wires for small applications. Lattice towers are in truss structure and mostly 
they don’t need guy wiring. A 15 m long, tubular steel tower, which has a 150mm 
diameter and 3 mm thickness, will be used in design. 
2.1.5 The Power Control 
Power control can be done by active or passive control. The active control can be 
done by blade pitching or rotor yawing. The turbine needs an electronic or 
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mechanical system to actuate these systems. Passive control can be done by furling 
or passive blade stall control. Passive blade stall control makes undetermined loads 
on rotor and electrical systems. So it is not preferred. There are auto-furling systems 
for small size applications that turn the rotor normal to wind direction at extreme 
wind speeds. It uses tail boom and tail wing of the turbine as a rudder so the turbine 
yaws. In this design, we will prefer to use this system because of simplicity. 
2.2. Design Requirements 
Small size wind turbines can vary from 0.1 kW to 50 kW. In this design study, it is 
aimed to obtain 5 kW power. The wind speed increases with the height. In (Eq.2.3) it 
can be seen that if the wind speed increases, for constant power, rotor radius 
decreases. But high wind speeds can’t be obtained every time and for lower wind 
speeds, rotor radius will increase. Achieving rated power at 10 m/s would be proper 
for small applications. 
 After deciding what power (P) is need at a particular wind velocity (U). Estimate a 
probable power coefficient (CP) and mechanical efficiency (η) of other components. 
And the radius, R, which can be estimated from: 
2 3
Pr
1
2
P C R Uη ρπ=         (2.3) 
According to the type of the application, a tip speed ratio varies from 2 to 10. It is 2-
4 for multi blade applications, 3-5 for large-size turbines and 5-10 for small two or 
three bladed applications. In this study, the empirical formulation below for 
estimating maximum power coefficient will be used to determine the design tip 
speed ratios [14]. 
0.67 2
,max 0.67 2
1.920.593
1.48 ( 0.04) 0.00025 1 2P
B B DC
B B L
λ
λ λ λ
 = − + − + + 
λ   (2.4) 
For B = 3 and L/D = 100; 
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Figure 2. 1: CP-λ graph 
λ = 6.5 is chosen because of aerodynamic efficiency and operational conditions and 
will be discussed detailed in Chapter 3. Mechanical efficiency of the other 
components except the rotor can be estimated as 0.80. 
Using (Eq 2.3) and design requirements, the power coefficient (CP) for the turbine 
can be estimated as 0.42. We have to reach 0.52 rotor power coefficient by these 
values for achieving 5 kW power with the rotor which has 5 m diameter at 10 m/s. If 
it is not possible to achieve this value, some modifications will be made. Cut in wind 
speed is estimated as 3.5 m/s. The control strategy will be determined not to cutout 
from operation. The turbine starts to yaw after 10 m/s wind speed. 
2.3. Structural Considerations 
The blades have to withstand strong wind speeds and they have to be lightweight. 
Composite materials which has high strength to weight ratio is thought to be better 
solution. The structure, made of fiberglass/epoxy will be better choice because of the 
availability and low cost. The fatigue resistance will be also considered. More 
detailed analysis will be done in chapter 4. 
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2.4. Blade Manufacturing Techniques 
Manufacturing of blade is difficult because it is tapered and twisted and it has 
transition part that combines the efficient part of blade with root. Firstly, the female 
mold must be formed and then the composite laminates must be laid in the mold. The 
molding process can be done by CNC machining. A wooden female mold with two 
parts can be machined. It is the best method but it is expensive. Its cost is increasing 
by the size of the blade. Another method is handy made female mould. For this 
method, a prismatic block, that blade volume is taken out inside of it, can be thought. 
And the critical sections of this block are determined and formed. They have to be 
split into two parts as up surface side and down surface side of the blade. Then these 
sections placed as parallel to each other. The voids between the sections are filled 
with plaster or another filling material for both upper and lower parts and the 
surfaces can be adjusted by sandpaper. The transitions between sections have to be 
formed carefully to protect the blade geometry. This process is cheaper but it cannot 
be accurate as machining. 
 
Figure 2. 2: Turbine overall CAD model as a result of conceptual design. 
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2.5. Turbine Requirements and Specifications 
The turbine is shown in figure 2.2. All the parts are modeled in CATIA and 
assembled. The turbine specifications after conceptual design can be seen in table 2.1 
below. 
                 Table 2. 1: Turbine specifications. 
Rated Power 5 kW 
Wind direction Upwind 
Rotor Diameter 5 m 
Blades 3 blades 
Tower Tubular 
Generator PMG, direct-driven, brushless 
Rated wind speed 10 m/s 
Cut-in wind speed 3.5 m/s 
Cut-out wind speed 25 
Power control Auto-Furling 
Max design wind speed 60 m/s 
Generator operation RPM 120-240 RPM 
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3. THE AERODYNAMIC DESIGN AND PERFORMANCE ANALYSIS 
3.1. Rotor Design Procedure 
The procedure begins with the choice of various parameters. These are airfoil, rotor 
speed, rotor size and blade planforms. An optimum blade shape is obtained and used 
as initial blade design. Final blade design and its performance are determined 
iteratively. For this purpose blade element momentum theory (BEMT), which is 
explained in Appendix-B, is used for determination of geometry and performance. 
BEMT calculations and determination of blade geometry are done by developing a 
computer code using MATLAB. The aerodynamic design flow chart can be seen in 
figure 3.1. 
 
Figure 3. 1: Aerodynamic design flow chart. 
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One main program and two functions are written. The main program blades.m 
calculates the optimum chord and twist distribution and the linear blade chord 
lengths and twist angles at every station. The function perform.m is written for 
calculation of power, thrust and torque coefficient. For this purpose axial induction 
factors (a) and tangential induction factors (a’), relative angle (φ), thrust coefficient 
(Ctr) and lift (CL) and Drag (CD) coefficients are calculated iteratively. When the 
axial induction factor converges the iteration ends. Other parameters are calculated 
conjunction with φ, a and a’. The tip loss factor is also in account. The Reynolds 
number value changes along the blade and it can affect the performance. In this 
design study, for λ = 6.5 and U = 10 m/s, Reynolds number take values about 
600,000 and it is taken as 600,000. Airfoil data is obtained by XFOIL  airfoil 
analyzer and designer program prepared by M. Drela for airfoil performance 
calculations[15].The airfoil data between –10 and 23 degree angle of attack are taken 
from XFOIL calculations. For other angle of attacks below –10 and above 23 degree 
linear extrapolations were made. The glopar.m function is used for only common 
constant parameters that are used both in main program blades.m and perform.m. 
And also these are the important parameters that affect the design such as power 
required, rotor blade number, rotor radius, wind speed etc. Main program calls these 
functions and can calculate performance parameters for different tip speed ratios and 
taper ratios for linearized blade. 
3.2. The Airfoil Selection 
HAWT rotor blades are similar to aircraft wings and rotorcraft blades. Airfoil is the 
wing section that defines the aerodynamic characteristics. Airfoil and its parameters 
(CL, CD) are very important and designative on power production. The lift and the 
drag forces depend on the geometry of airfoil and Reynolds number. For this 
purpose, we have to choose an efficient airfoil for rotor blades that must have high 
lift to drag ratio at low Reynolds numbers. (100,000 - 1,000,000). 
Gigurere and Selig specially designed an airfoil family for small size HAWTs. [5, 6] 
These airfoils are designed for low Reynolds numbers and their lift to drag ratio is 
reasonable. From this family (SG6040, 41, 42, 43), SG6040 is chosen because of its 
thickness that is thought to be proper for easily manufacturing. The airfoil 
characteristics for different Reynolds numbers can be seen in figure 3.2 and 3.3 
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 Figure 3. 2: CL -AoA and CD -AoA graphs for various Reynolds numbers. 
 
Figure 3. 3: CL  - CD and CL  / CD – AoA graphs for various Reynolds numbers. 
For the linear blade, Reynolds numbers are changing about 600 000, so it is assumed 
that the Reynolds number doesn’t change along the blade and the CL and CD values 
are calculated using XFOIL for performance calculations. 
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3.3. The Blade Shape 
The blade shape is determined by iterative process. Firstly optimum rotor geometry 
is defined. Then step-by-step linearization is made. Blade design and performance 
parameters calculated and explained below for different cases. In these cases, power 
coefficient (CP) is compared and reached a final geometry.  
3.3.1 CASE–I: Optimum Rotor Blade Shape Without Tip Loss  
The optimum rotor blade theory is used to determine the shape of the blade. The 
blade is divided into 40 elements. The chord and twist distribution is calculated for 
every element by using (Eq B.88) for twist angle and (Eq B.89) for chord length. The 
MATLAB program blades.m is used for this calculation. Twist angle is changing by 
design tip speed ratio and angle of attack that belongs to maximum L/D and chord 
distribution is depending on CL, blade number and relative wind angle (ϕ). Tip losses 
are neglected for this case. CP = 0.5390 and CT = 0.9064 is obtained. 
Figure 3. 4: Optimum chord distribution. 
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 Figure 3. 5: Optimum twist angle distribution. 
 
Figure 3. 6: Axial and tangential induction factor distribution on blade for optimum 
chord and twist angle distribution without tip loss. 
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The blade geometry and performance parameters can be seen in figure 3.4, 3.5 and 
3.6. 
3.3.2 CASE–II: Optimum Rotor Blade Shape With Tip Loss.  
In this case tip loss effect is taken into account. Calculations are done using optimum 
twist and chord distribution. It is seen that after s = r/R = 0.8, there is a significant 
performance loss in tip region. The power coefficient is became 0.4928, thrust 
coefficient is CT = 0.8304 and the power at 10 m/s is P = 4.7435 kW. The axial 
induction factor distribution can be seen in figure 3.7. 
Figure 3. 7: Axial and tangential induction factor distribution on blade for Optimum 
chord and twist angle distribution with tip loss effect. 
3.3.3 CASE–III: linear tapered blade with optimum twist angle  
While the design requirements were determined, ease of manufacturing was the one 
of the constraints. It can be seen that chord distribution is non linear and it is difficult 
to construct. The difficulties in manufacturing increase the cost and cost must be 
lower in energy production. So the blade is linearized. A linear line is created that is 
intersect the optimum blade planform at s = 0.75. The taper ratio is determined as 
0.25 for maximum power coefficient. The optimum blade is changed into trapezoidal 
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blade like aircraft wings by this process. Some efficiency loses occurred by this 
process. The power coefficient is became CP = 0.4791, thrust coefficient is became 
CT = 0.8615 and power P = 4.6115 kW at 10 m/s. It can be seen the optimum and 
linear blade in figure 3.8 and in figure 3.9 a distribution for this case 
 
Figure 3. 8: Linear and optimum blade planform.   
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 Figure 3. 9: Axial and tangential induction factor distribution on blade for linear 
chord and optimum twist angle with tip loss effect. 
3.3.4 CASE–IV: Both Twist Angle and Chord Distribution Is Linear  
The linearization of twist distribution will make some manufacturing advantages 
also. Linearization of twist angle effects performance more than blade planform 
linearization. It is done by using least squares method [16]. After linearization 
process, it is seen that power coefficient decreased to CP = 0.4443, thrust coefficient 
CT = 0.8275 and power at 10 m/s P = 4.2763 kW. New twist angles can be seenin 
figure 3.10 and corresponding a in figure 3.11. 
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 Figure 3. 10: Linear and optimum twist angle distribution on blade. 
Figure 3. 11: Axial and tangential induction factor distribution on blade for linear 
chord and linear twist angle with tip loss effect. 
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3.3.5 CASE–V: While Chord Is Linear and Twist Angle Is Zero After s = 0.7  
When the optimum and linear distribution of twist angles are examined, it is seen that 
there is significant performances losses occur. The linearization can be changed to 
improve performance. When we examine the twist angle distribution, the twist angle 
is near to zero after s = 0.7. So linearization is done by two steps instead of one step. 
It is seen that power coefficient is increased, CP became 0.4652, CT became 0.8534 
and P became 4.4781 kW at 10 m/s. The new twist angle distribution and 
corresponding a distribution can be seen in figure 3.12 and 3.13. 
 
Figure 3. 12: Linear with two-step and optimum twist angle distribution on blade. 
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 Figure 3. 13: Axial and tangential induction factor distribution on blade for linear 
twist angle with two-step and linear chord with tip loss effect. 
3.3.6 CASE–VI: While Chord is Linear and Twist Angle is Bi-Linear with a 
Transition Point at s = 0.55 
 It is observed that two different steps in linearization of twist distribution could 
achieve more power. So a new two-step linearization is made and reached the final 
design of blade. Firstly the transition point of the linear line is searched. It is found 
that when the transition point is at s = 0.55 the most power is achieved. Then power 
coefficient becomes CP = 0.4757, thrust coefficient becomes CT = 0.8497 and power 
at 10 m/s wind speed becomes P = 4.5793 kW. Final blade geometry and 
performance parameters can be seen in figure 3.14, 3.15, 3.16 and 3.17. 
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 Figure 3. 14: Linear and optimum chord distribution on blade. 
 
Figure 3. 15: Modified linear with two-step and optimum twist angle distribution on 
blade. 
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 Figure 3. 16: Axial and tangential induction factor distribution on blade for linear 
twist angle with two-step and linear chord with tip loss effect. 
 
Figure 3. 17: Power Coefficient distribution on blade for modified linear with two-
step twist and linear chord with tip loss effect. 
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Table 3. 1: CP, CT and P (kW) values for different cases. 
λ=6.5     R=2.5 m     B=3     U=10 m/s 
CASE CP CT P (kW) 
I 0.5390 0.9064 5.188 
II 0.4928 0.8304 4.7435 
III 0.4791 0.8615 4.6115 
IV 0.4443 0.8275 4.2763 
V 0.4652 0.8534 4.4781 
VI 0.4757 0.8497 4.5793 
 
As we examine the axial induction factor distribution along the blade in figures 
above, the axial induction factor goes to 1 at the tip where s = r/R = 1 because tip 
loss factor, F, becomes 0 when s = 1. The tip loss factor constitutes some 
computational errors like division by zero, it can be handled by changing 0 to 0.0001. 
When a becomes 1, the speed at the rotor tip becomes 0 and the speed far away from 
rotor becomes negative which can not be formed physically. So the calculations on 
the tip, while s = 1, is not plausible. The optimum performance can be achieved 
while a = 1/3 and a’, CD and F is neglected. As we see in the figure 3.6 that a value 
is changing in 0.33 and 0.35 while CD and a’ is not neglected. This figure gives 
positive ideas about the code for BEMT calculations. 
3.4. Final Blade Geometry 
The goal of the design is to produce 5 kW power at 10 m/s wind speed with a 5 m 
diameter rotor. The linearization process affected the performance and some losses 
occurred. Besides the losses caused by unsteady effects and possible calculation 
errors are neglected. These power losses can be recovered by extending rotor radius 
from 2.5 m to 2.6 m. Then final blade shape data is in Table 3.2. The rotor 
performance for different tip speed ratios can be seen in figure 3.18 and the power 
curve of the rotor is in figure 3.19 and blade CAD model in figure 3.20. 
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Table 3. 2: Blade chord and twist distribution data. 
s r(m) Twist() Chord(m) s r(m) Twist(°) Chord(m) 
0.2 0.52 15.541 0.282 0.65 1.69 2.2839 0.165 
0.25 0.65 13.809 0.269 0.7 1.82 1.7167 0.152 
0.3 0.78 12.077 0.256 0.75 1.95 1.1495 0.139 
0.35 0.91 10.346 0.243 0.8 2.08 0.5823 0.127 
0.4 1.04 8.6138 0.23 0.85 2.21 0.0151 0.114 
0.45 1.17 6.8819 0.217 0.9 2.34 -0.552 0.101 
0.5 1.3 5.1501 0.204 0.95 2.47 -1.119 0.088 
0.55 1.43 3.4183 0.191 1 2.6 -1.686 0.075 
0.6 1.56 2.8511 0.178         
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Figure 3. 18: Rotor performance for different tip speed ratios. 
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Figure 3. 19: Power curve of rotor for constant mechanical efficiency. 
 
Figure 3. 20: Final blade CATIA CAD model. 
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4. STRUCTURAL DESIGN 
4.1. Loads 
Wind turbines consistently come across strong winds. There are lots of hard changes 
in wind speed and direction. As a result, wind loads are one of the important 
concerns with regard to the structural behavior and life of a wind turbine blade. Wind 
loading conditions can be divided into two classes that are operating conditions and 
extreme wind conditions. Extreme wind conditions can shorten the life of a wind 
turbine blade. Operating loads typically play an important role in the fatigue life of 
the blade [8].  
To model both condition and the load that it places on each individual blade requires 
an evaluation of the relative velocity of the wind as it approaches the blade and the 
manner in which it varies with time. Wind speeds (U) that change with time (t) are 
usually divided into a steady component (U1) and a non-steady component (U2) [8]. 
1 2( ) ( )U t U U t= +       (4.1) 
1
0 0
1 ( ) ( ) 0
t t
U U t dt and U t dt
t
∆ ∆
= ∆ ∫ ∫ 2 =      (4.2) 
When a fluid moves relative to a structural object, the moving fluid exerts force that 
is approximately proportional to the square of the fluid velocity. 
2
wF CU=       (4.3) 
The constant of proportionality (C) is referred to as a shape factor and is often 
determined experimentally. [8] For semi-aerodynamic and aerodynamic shapes, like 
wind turbine blades moving into the wind, shape factor varies with the fluid velocity 
and can be expressed as a function of the Reynolds number. For non-aerodynamic 
shapes, such as wind turbine blades turned perpendicular to the wind, the shape 
factor is essentially constant. Wind loads are modeled as statically equivalent loads 
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where the steady load will be modeled as an applied pressure and the dynamic effect 
of the non-steady component will be included as a load multiplier [8]. 
4.1.1 Extreme Wind Speed Loads 
The rotor blade is designed to withstand an extreme wind speed of 60 m/s. Damage 
associated with wind speed of 60 m/s is where foliage is torn from trees and large 
trees are blown down. Often any poorly constructed signs will be blow down and 
roofing materials and doors on buildings will be damaged. In addition, there will be 
some structural damage to small buildings and many mobile homes will be 
destroyed[8]. 
To model the blade load for a stationary wind turbine due to such extreme winds, 
dynamic pressure on the high-pressure side of the blade was modeled as  
21
2hp
P Uρ=       (4.4) 
For a 60 m/s wind, the dynamic pressure becomes 2206 Pa. If the blade is modeled 
as a flat that lies normal to flow, then the effective pressure differential between the 
high and low pressure faces of the blade can increase to as much as 140% of the 
dynamic pressure. (Fox and McDonald, 1978, Figure 8.31)[8]. As a consequence, the 
pressure differential between the high and low-pressure faces of the blade can be 
3089 Pa.  
However, because such extremes often occur under gusty conditions, the gusts or 
non-steady components of the wind velocity can occur in a periodic fashion. If the 
gust frequency is close to the natural frequency of the blade, deflections can become 
increasingly large. To account for this dynamic interaction, it is often considered 
acceptable to model the interaction using “statically equivalent loads”. In the present 
case, the applied pressure was increased by an additional 40% to account for possible 
interactions between the blade and the gusting component of the wind, implying that 
the effective pressure is 4324 Pa.  
This wind load model is quite conservative for inland installations except tornadoes. 
If the steady component of 60 m/s is compared with peak gust velocities recorded at 
one hundred and twenty stations in the USA, the 60 m/s velocity is approximately 
equal to the maximum of the peak gust velocities [8]. The drag imposed on a flat-
wise blade will more than likely is less than that on a flat plate so that a drag factor of 
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1.4 can be considered conservative. The periodicity of the non-steady wind 
component is not likely to match the frequency of the blade for an extended period of 
time, so that a dynamic gust factor of 1.4 can also be considered conservative [8]. 
4.1.2 The Operational Loads 
The operational loads of the rotor change in a wide area. They are inertial loads 
aerodynamic loads, gyroscopic loads and dynamic interaction loads. In this study 
gyroscopic loads did not considered. The aerodynamic loads can be modeled as 
thrust forces and the torque that effect on the blade. Inertial loads occur with the 
rotation of the blade. Angular velocity of the rotor changes from 120 to 240 rpm 
while operating. It is seen that the operational loads that considered are not more than 
extreme wind load. So they are not used as primary load while static structural 
analysis. 
4.2. Blade CAD Model 
Blade geometry is modeled with sections at each station. Each section is modeled 
with splines. They are scaled and rotated with its own chord length and twist angle. 
The first section at s = 0.2 is connected to circle. Each section has web on %35 
percent of chord length from leading edge to trailing edge. Sections become from 6 
splines and a straight line. The blade is builded by creating areas between these 
sections with corresponding lines. Four lines create an area. Blade is considered as 
two part, efficient part of the blade (outboard), which is the part that power extracted 
and root part (inboard), which is a connection of efficient part and hub. As a result, 
the blade is created from 19 areas. Different views of blade can be seen in figure 4.1. 
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 Figure 4. 1: Blade solid model done with ANSYS 
4.3. The Materials and The Blade Lay-up 
The blade must be light weighted. The material that will be used for blade must be 
has high strength to weight ratio, low cost and ease of manufacturing. 
Fiberglass/epoxy composite material is chosen because of these constraints. The lay-
up material properties are given below in table 4.1. 
3 laminate compositions are prepared for blade. They are consisting of 24 plies, 16 
plies and 8 plies. These laminates are symmetric and balanced. Their stack sequences 
and thickness are (0/90/±45)3S, (0/90/±45)2S, (0/90/±45)S . The components and their 
lay-up are shown in table 4.2. 
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Table 4. 1: Lay-up material properties. 
LAYUP-MATERIAL 
(FIBERGLASS/EPOXY) 
 D155 (0's) DB120 (±45's) 
EL=EX GPa 38.3 26.2 
ET=EY GPa 6.89 6.55 
EZ=EZ GPa 6.89 6.55 
νLT=νxy  0.31 0.39 
νTZ=νyz  0.25 0.35 
νLZ=νxz  0.25 0.32 
GLT=Gxy GPa 4.58 4.14 
GTZ=Gyz GPa 1.28 3.72 
GLZ=Gxz GPa 1.28 3.72 
ρ kg/m3 1714 1714 
t mm 0.457 0.203 
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Table 4. 2: Lay-up material strength properties 
UTSL MPa 986 610 
UCSL MPa -746 -551 
τTU MPa 94.2 84.9 
UTST MPa 27.2 24.9 
UCST MPa -129 -90.8 
εUTL  0.0283 0.0249 
εUCL  -0.0202 -0.0208 
εUTT  0.003 0.0033 
εUCT  -0.0167 -0.0121 
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 Figure 4. 2: Blade material lay-up. 
Table 4. 3: Blade lay-up schedule. 
No Radius (%) Component Stack Sequence Thickness (mm) 
1 0.05 to 0.2 Root (0/90/±45)3S 7.92 
2 0.05 to 0.2 Spar Web (0/90/±45) S 2.64 
3 0.2 to 1 Leading Edge (0/90/±45) S 2.64 
4 0.2 to 1 Trailing Edge (0/90/±45) S 2.64 
5 0.2 to 1 Spar Web (0/90/±45) S 2.64 
6 0.2 to 1 Spar Cap (0/90/±45)2S 5.28 
7 0.2 to 1 Spar Cap (0/90/±45)2S 5.28 
The blade material lay-up and lay-up schedule can be seen in figure 4.2 and table 4.3. 
Also the stacking sequences of the laminates are shown in figure 4.3. 
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 Figure 4. 3: Laminates and their stack sequences. 
4.4. Structural Analysis of Blade 
Structural analysis of blade is made using finite element method. The stress, strain 
and tip displacement values are obtained using commercial FEA software ANSYS 
7.0 which enables pre processing, post processing and both linear-nonlinear solution. 
4.4.1 Finite Element Model  
The blade is mapped meshed with quad elements using shell 181 element type, 
which is specifically prepared for layered structures. The details of element are 
shown in Appendix-C. The material lay-up for three types is defined as shell section. 
The finite element model is shown in figure 4.4. The material lay-up is defined for 
every area.  
 
 33
 Figure 4. 4: Finite element model of blade. 
4.4.2 Boundary Conditions and Loads 
At the root end of the blade, the connection to the hub was assumed to be rigid, 
relative to the blade. As a result, the blade is restrained at root circle all DOF are 
fixed by applying on circle. Extreme wind loading is applied to bottom of blade, 
which is the high-pressure side of the blade. The load is applied as pressure on 
element component. The bottom side is defined as a component that is consist of 
elements. 
4.4.3 The Solution and the Post-Processing. 
Solution is done with the option of ‘large static displacement effect’ that enables 
nonlinear solution. There is no warning and error occurred while solution process.  
After solution post processing is made which enables to see results as visually like 
contour plot of stresses, strains and deflection of model. The stress and strain 
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distribution for elements are obtained for primary fiber direction. The deflected blade 
and contour plots of strain on (Z) direction is seen in figure 4.4, 4.5, 4.6 and 4.7. 
For isotropic materials the simplest method to predict the failure is to compare the 
applied stresses to the strengths or some other allowable stresses. In this case there is 
no principal material direction so the material strengths are the in all direction. For 
orthotropic composite lamina this is no sufficient because the failure mechanisms 
and strength properties change with direction of loading. Failure usually doesn’t 
occur by yielding but rather by fracture of one of the constituents or the fiber matrix 
interface. Unlike isotropic materials, and axis of maximum stress doesn’t necessarily 
coincide with direction of maximum strain. As a consequence the highest stress on 
the body may not be the highest critical stress in the structure. Stresses vary widely 
from layer to layer due to the changes in moduli and fiber orientation. Strains on the 
other hand, to meet compatibility, must be relatively consistent from layer to layer. 
This is particularly true for those portions of the blade skin that are positioned 
relatively far from neutral axis of the blade. As a consequence, failure criteria were 
based entirely on strains [17].  
 
 
 
Figure 4. 5: Deformed and undeformed blade. 
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 Figure 4. 6: Strain distribution top of the blade from isometric view. 
 
Figure 4. 7: Strain plot bottom side of the blade from isometric view. 
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 Figure 4. 8: Strain results of spar web from isometric view. 
If we examine the figures 4.6, 4.7 and 4.8, strain density occurs on the connection of 
root and outboard of blade. Also there are higher strain values at critical places that 
the laminate thickness changes. All the results are below of the ultimate limits.  
The stress contour plots can be seen in figure 4.8, 4.9 and 4.10. The maximum 
stresses occur again on transition region of inboard and outboard regions and also the 
connection of spar web and spar cap. The results are below ultimate limits.  
The results will be discussed in conclusions section in detail. 
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 Figure 4. 9: Stress contours of top of blade from isometric view. 
 
Figure 4. 10: Strain contours in transverse direction, top of the blade from isometric 
view. 
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 Figure 4. 11: Strain contours in transverse direction, bottom of the blade from 
isometric view. 
 
Figure 4. 12: Transverse strain contours of inside of the blade from right view 
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4.5. Dynamic Behavior of Blade 
Wind turbine is affected by different dynamic loads while operation. One feature of 
interest in he analysis of a dynamically loaded structure is the harmonic frequencies 
of free vibration for the structure, as excitations at or near these frequencies can 
generate large structural displacements and, as a consequence, large stresses and 
strains. These natural frequencies are dependent on the fundamental characteristics of 
the structure such as geometry, density and stiffness [8]. 
4.5.1 Modal Analysis and Mode Shapes 
Modal analyses are done by using Ansys 7.0. Same mesh of elements, element type 
and materials are used as static analysis. Firstly free vibration analysis is done. After 
that angular velocity for 80, 160, 240 and 320 rpm. The mode shapes for 240 rpm 
which is the rated power rpm can be seen in figure 4.12. The frequencies can be seen 
in table 4.3 
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Figure 4. 13: First 5 modes of blade while rotating at 240 rpm 
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Table 4. 4: Mode frequencies 
Mode Frequencies 
rpm=0 rpm=80 rpm=160 rpm=240 rpm=320 Tower Mode shape 
6.5766 6.7261 7.153 7.8044 8.6195 0.8835 1st flap wise 
18.973 19.019 19.158 19.384 19.691 0.8835 1st chord wise
30.261 30.389 30.768 31.383 32.211 5.5276 2nd flap wise 
70.364 70.476 70.805 71.34 72.058 5.5276 3rd flap wise 
93.076 93.112 93.22 93.399 93.647 15.439 1st torsional 
102.28 102.3 102.36 102.45 102.59 15.439 2nd torsional 
127.11 127.2 127.45 127.85 128.37 30.146 Mixed 
189.34 189.37 189.44 189.55 189.64 30.146 4th flat wise 
210.79 210.81 210.86 210.94 211.05 49.608 3rd torsional 
237.29 237.32 237.43 237.6 237.83 49.608 Mixed 
 
The Campbell diagram is drawn in figure 4.14. Intersection of lines in diagram 
indicates resonance crossings, where the radial lines from origin represent potential 
excitation frequencies due to varied rotor speeds. The 240 rpm grid line represents 
the rated operating speed. 
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Figure 4. 14: Campbell diagram for blade. 
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5. CONCLUSIONS 
In this study, a 5 kW size wind turbine rotor was designed. It was aimed to obtain a 
rotor, which has high performance, low weight and manufacturing advantages for 
lowering the cost. The rotor has 5.2 m diameter and it achieves its rated power 5 kW 
at 10 m/s wind speed. Firstly, aerodynamic design was done and obtained rotor 
power coefficient as 0.476, which was lower than anticipated, but it was recovered 
by extending the rotor diameter. A significant blade geometry, which has linear taper 
and bilinear twist angle distribution, was obtained. While linearization process, 
performance losses occurred. Some of the losses were recovered by improving the 
linearization. The unsteady and 3D effects were ignored in the performance 
calculations. 
Secondly, structural design and analysis were done by using FEA techniques with 
special consideration given to the minimization of manufacturing complexity and 
cost. In static analysis extreme wind load was applied. For such loading case, the FE 
model indicated that peak strains occurred where blade lay-up transitions from the 
heavy root lay-up to a thinner outboard lay-up and blade hub connection parts. In the 
span wise (primary fiber) direction, peak compressive strains were approximately –
0.0046(~23% of ultimate) and peak tensile strains were 0.0047 (~16% of ultimate). 
In the chord wise (transverse) direction peak compressive strains were –0.0014 (~9% 
of ultimate) and peak tensile strains were 0.0011 (~40% of ultimate). 
FE model indicated that the natural frequencies of the composite blade are all above 
6.5 Hz. When compared to a rotational frequency on the order of 4 Hz and a first 
tower frequency of 0.88 Hz. It is seen that there is not a possibility of interaction 
between blade and tower. 
For these design phases the analyses presented above were deemed sufficient. As a 
result 2.6 m long and 7.62 kg blade is designed. When it is compared with Australian 
commercial 5 kW turbines, it is seen that our advanced rotor design can capture 5 
kW power at lower wind speeds with approximately same diameter. 
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APPENDIX-A 
HISTORY OF WIND ENERGY 
The history of wind power shows a general evolution from the use of simple, light 
devices driven by aerodynamic drag forces; to heavy, material-intensive drag 
devices; to the increased use of light, material-efficient aerodynamic lift devices in 
the modern era. But it shouldn't be imagined that aerodynamic lift is a modern 
concept that was unknown to the ancients. The earliest known use of wind power, of 
course, is the sailboat, and this technology had an important impact on the later 
development of sail-type windmills.  
The first windmills were developed to automate the tasks of grain grinding and water 
pumping and the earliest-known design is the vertical axis system developed in 
Persia about 500-900 A.D. The first known documented design is also of a Persian 
windmill, this one with vertical sails made of bundles of reeds or wood which were 
attached to the central vertical shaft by horizontal struts.  
 
Figure A. 1: Maximum efficiency of a "drag" device is obtained when the collector is 
pushed away from the wind, as is a simple, drag-type sail boat. (1000 B.C. - 1300 
A.D.) [1]. 
Grain grinding was the first documented windmill application and was very 
straightforward. The grinding stone was affixed to the same vertical shaft. The mill 
machinery was commonly enclosed in a building, which also featured a wall or 
shield to block the incoming wind from slowing the side of the drag-type rotor that 
advanced toward the wind.  
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Figure A. 2: Water pumping sail wing machines on the Island of Crete and an early 
sail-wing horizontal-axis mill on the Mediterranean coast [1]. 
Vertical-axis windmills were also used in China, which is often claimed as their 
birthplace. While the belief that the windmill was invented in China more than 2000 
years ago is widespread and may be accurate, the earliest actual documentation of a 
Chinese windmill was in 1219 A.D. by the Chinese statesman Yehlu Chhu-Tshai. 
Windmills in the Western World (1300 - 1875 A.D.) 
The first windmills to appear in Western Europe were of the horizontal-axis 
configuration. The reason for the sudden evolution from the vertical-axis Persian 
design approach is unknown, but the fact that European water wheels also had a 
horizontal-axis configuration, and apparently served as the technological model for 
the early windmills, may provide part of the answer. Another reason may have been 
the higher structural efficiency of drag-type horizontal machines over drag-type 
vertical machines, which lose up to half of their rotor collection area due to shielding 
requirements. The first illustrations (1270 A.D.) show a four- bladed mill mounted 
on a central post, which was already fairly technologically advanced relative to the 
Persian mills. These mills used wooden cog-and-ring gears to translate the motion of 
the horizontal shaft to vertical movement to turn a grindstone. This gear was 
apparently adapted for use on post mills from the horizontal-axis water wheel 
developed by Vitruvius.  
As early as 1390, the Dutch set out to refine the tower mill design, which had 
appeared somewhat earlier along the Mediterranean Sea (Figure 1.2.). 
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 Figure A. 3: An operating Dutch windmill (1994) that features leading edge airfoil 
sections. The mechanism used to turn the rotor into the wind and the windows of the 
first-floor living quarters are easily seen [1]. 
 A primary improvement of the European mills was their designer's use of sails that 
generated aerodynamic lift. The process of perfecting the windmill sail, making 
incremental improvements in efficiency, took 500 years. By the time the process was 
completed, windmill sails had all the major features recognized by modern designers 
as being crucial to the performance of modern wind turbine blades, including 1) 
camber along the leading edge, 2) placement of the blade spar at the quarter chord 
position (25% of the way back from the leading edge toward the trailing edge), 3) 
center of gravity at the same 1/4 chord position, and 4) nonlinear twist of the blade 
from root to tip (Drees, 1977). Some models also featured aerodynamic brakes, 
spoilers, and flaps. The machine shown in Figure A.3 features leading edge airfoil 
sections. These mills were the "electrical motor" of pre-industrial Europe. While 
continuing well into the 19th century, the use of large tower mills declined with the 
increased use of steam engines. The next spurt of wind power development occurred 
many thousands of miles to the west. 
Role of Smaller Systems 
For hundreds of years, the most important application of windmills at the subsistence 
level has been mechanical water pumping using relatively small systems with rotor 
diameters of one to several meters. These systems were perfected in the United 
States during the19th century, beginning with the Halladay windmill in 1854, and 
continuing to the Aermotor and Dempster designs, which are still in use today.  
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 Figure A. 4: A steel-bladed water-pumping windmill in the American Midwest (late 
1800's) [1]. 
Between 1850 and 1970, over six million mostly small (1 horsepower or less) 
mechanical output wind machines were installed in the U.S. alone. The primary use 
was water pumping and the main applications were stock watering and farm home 
water needs. Very large windmills, with rotors up to 18 meters in diameter, were 
used to pump water for the steam railroad trains that provided the primary source of 
commercial transportation in areas where there were no navigable rivers.  
In the late 19th century, the successful "American" multi-blade windmill design was 
used in the first large windmill to generate electricity. 
20th Century Developments 
The most obvious influence on 20th century wind power was the increasing use of 
electricity. But this started with a look to the past. 
The first use of a large windmill to generate electricity was a system built in 
Cleveland, Ohio, in 1888 by Charles F. Brush. The Brush machine was a post mill 
with a multiple-bladed "picket-fence" rotor 17 meters in diameter, featuring a large 
tail hinged to turn the rotor out of the wind. It was the first windmill to incorporate a 
step-up gearbox (with a ratio of 50:1) in order to turn a direct current generator at its 
required operational speed (in this case, 500 RPM.)  
Despite its relative success in operating for 20 years, the Brush windmill 
demonstrated the limitations of the low-speed, high-solidity rotor for electricity 
production applications. The 12 kilowatts produced by its 17-meter rotor pales beside 
the 70-100 kilowatts produced by a comparably-sized, modern, lift-type rotor.  
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 Figure A. 5: The Brush post mill in Cleveland, Ohio, 1888. The first use of a large 
windmill to generate electricity. Note the man mowing the lawn at lower right [1]. 
In 1891, the Dane Poul La Cour developed the first electrical output wind machine to 
incorporate the aerodynamic design principles (low-solidity, four-bladed rotors 
incorporating primitive airfoil shapes) used in the best European tower mills. The 
higher speed of the La Cour rotor made these mills quite practical for electricity 
generation. By the close of World War I, the use of 25 kilowatt electrical output 
machines had spread throughout Denmark, but cheaper and larger fossil-fuel steam 
plants soon put the operators of these mills out of business.  
By 1920, the two dominant rotor configurations (fan-type and sail) had both been 
tried and found to be inadequate for generating appreciable amounts of electricity. 
The further development of wind generator electrical systems in the United States 
was inspired by the design of airplane propellers and (later) monoplane wings.  
The first small electrical-output wind turbines (small system pioneers) simply used 
modified propellers to drive direct current generators. By the mid-1920's, 1 to 3-
kilowatt wind generators developed by companies like Parris-Dunn and Jacobs 
Wind-electric found widespread use in the rural areas of the Midwestern Great 
Plains. These systems were installed at first to provide lighting for farms and to 
charge batteries used to power crystal radio sets. But their use was extended to an 
entire array of direct-current motor-driven appliances, including refrigerators, 
freezers, washing machines, and power tools. But the more appliances were powered 
by the early wind generators, the more their intermittent operation became a 
problem. 
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 Figure A. 6: M.L. Jacobs adjusting the spring-actuated pitch change mechanism on a 
Jacobs Wind-electric in 1977 [1]. 
The demise of these systems was hastened during the late 1930s and the 1940s. The 
growing demand for electrical power created by the wind generator, combined with 
the inability of the technology to adapt, helped to end the popularity of these 
systems. The early success of the Midwest wind turbines actually set the stage for the 
possibility of more extensive wind energy development in the future. 
While the market for new small wind machines of any type had been largely eroded 
in the United States by 1950, the use of mechanical and electrical system continued 
throughout Europe and in windy, arid climates such as those found in parts of Africa 
and Australia.  
 The development of bulk-power, utility-scale wind energy conversion systems was 
first undertaken in Russia in 1931 with the 100kW Balaclava wind generator. This 
machine operated for about two years on the shore of the Caspian Sea, generating 
200,000 kWh of electricity. Subsequent experimental wind plants in the United 
States, Denmark, France, Germany, and Great Britain during the period 1935-1970 
showed that large-scale wind turbines would work, but failed to result in a practical 
large electrical wind turbine.  
The largest was the 1.25-megawatt Smith-Putnam machine (Figure A.7), installed in 
Vermont in 1941. This horizontal-axis design featured a two-bladed, 53.34 m 
diameter rotor oriented down-wind of the tower. The 16-ton stainless steel rotor used 
full-span blade pitch control to maintain operation at 28 RPM. In 1945, after only 
several hundred hours of intermittent operation, one of the blades broke off near the 
hub, apparently as a result of metal fatigue. This is not surprising considering the 
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huge loads that must have been generated in a structure that had a lot in common 
with a gigantic rotating erector set.  
 
Figure A. 7: Palmer Putnam's 1.25-megawatt wind turbine was one of the 
engineering marvels of the late 1930's, but the jump in scale was too great for 
available materials. An airframe holding together the three blades of the "Gedser 
Mollen." Fiberglass later eliminated this design requirement [1]. 
European developments continued after World War II, when temporary shortages of 
fossil fuels led to higher energy costs. As in the United States, the primary 
application for these systems was interconnection to the electric power grid.  
In Denmark, the 200 kW Gedser Mill wind turbine operated successfully until the 
early 1960s, when declining fossil-fuel prices once again made wind energy made 
uncompetitive with steam-powered generating plants. This machine featured a three-
bladed upwind rotor with fixed pitch blades that used mechanical windmill 
technology augmented with an airframe support structure. The design was much less 
mechanically complex than the Smith-Putnam design.  
In Germany, Professor Ulrich Hutter developed a series of advanced, horizontal-axis 
designs of intermediate size that utilized modern, airfoil-type fiberglass and plastic 
blades with variable pitch to provide lightweight and high efficiencies. This design 
approach sought to reduce bearing and structural failures by "shedding" aerodynamic 
loads, rather than "withstanding" them, as did the Danish approach. One of the most 
innovative load-shedding design features was the use of a bearing at the rotor hub 
that allowed the rotor to "teeter" in response to wind gusts and vertical wind shear. 
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Hutter's advanced designs achieved over 4000 hours of operation before the 
experiments were ended in 1968.  
 
Figure A. 8: Hutter's wind turbines, like other German devices of the mid-20th 
century, were advanced for their time [1]. 
Post war activity in Denmark and Germany largely dictated the two major 
horizontal-axis design approaches that would emerge when attention returned to 
wind turbine development in the early 1970s. The Danes refined the simple, fixed 
pitch, Gedser Mill design, utilizing advanced materials, improved aerodynamic 
design, and aerodynamic controls to reduce some of its shortcomings. The 
engineering innovations of the lightweight, higher efficiency German machines, such 
as a teeter hinge at the rotor hub, were used later by U.S. designers.  
The development of modern vertical-axis rotors was begun in France by G.J.M. 
Darrieus in the 1920s. Of the several rotors Darrieus designed, the most important 
one is a rotor comprising slender, curved, airfoil-section blades attached at the top 
and bottom of a rotating vertical tube. Major development work on this concept did 
not begin until the concept was reinvented in the late 1960s by two Canadian 
researchers.  
U.S. efforts with the Darrieus concept at Sandia National Laboratories began after 
the 1973 oil embargo, with the entry of the U.S. Federal Wind Energy Program into 
the cycle of wind energy development.  
In the United States, the federal government's involvement in wind energy research 
and development began in earnest within two years after the so-called "Arab Oil 
Crisis" of 1973. Despite the speed with which it was initiated and began to show 
results, this program ultimately proved to be largely ineffective because of the 
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interference of political factors and the withdrawal of financial support before 
success could be achieved.  
Federal research and development activities resulted in the design, fabrication, and 
testing of 13 different small wind turbine designs (ranging from 1kW to 40kW), five 
large (100kW - 3.2MW) horizontal-axis turbine (HAWT) designs, and several 
vertical axis (VAWT) designs ranging from 5 to over 500 kW. The approach of this 
program borrowed much from the methods used to develop military aircraft, with 
first the Energy Research and Development Administration (ERDA) and then the 
U.S. Department of Energy (DOE) selecting subcontractors to build and test 
machines that would be commercialized; assumedly by the subcontractors.  
Most of the funding was devoted to the development of multi-megawatt turbines, in 
the belief that U.S. utilities would not consider wind power to be a serious power 
source unless large, megawatt-scale "utility-scale" systems were available. Not-
withstanding the unusual case of the California wind farms, recent events (such as 
the development of 1+ megawatt giants in Europe) have shown that this view was 
fundamentally correct. 
   
Figure A. 9: The 200kW MOD-0A wind turbine at Clayton, 2-megawatt GE MOD-1 
machine and 3-megawatt, 100-meter diameter MOD-2 operated by PG&E in Solano 
[1]. 
Beginning with the 100kW MOD-0 installed at NASA's Plum Brook Ohio facility in 
1975, the U.S. program rapidly moved through several generations, including the 
MOD-1 and the 100-meter diameter MOD-2 wind turbines. Unfortunately, the 
program was burdened by an early error that took four years to overcome. 
 In 1974, perhaps expecting to reproduce the success of U.S. rocketry development 
by copying advanced German designs, NASA engineers turned to Ulrich Hutter's 
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blueprints for answers. While borrowing Hutter's two-bladed, downwind rotor 
configuration for their early designs, they failed to note the importance of the fact 
that Hutter's machines featured teetering hubs, now known to be essential for 
reducing dynamic loads created by tower shadow in two-bladed machines.  
NASA engineers were astounded by the huge dynamic loads the first (MOD-0) 
machine developed whenever a blade entered the dead space behind the tower. And 
it took several years of engineering studies.  
The rigid hub NASA turbines none-the-less served as useful stand-ins for 
demonstration projects until real machines arrived in the early 1980's. The program's 
biggest early success was the operation of four MOD-OA 200 kW machines by U.S. 
utility companies (Figure A.9) 
The first "real" NASA wind turbine was the 100-meter diameter MOD-2. Three of 
these machines operated for several years at a site overlooking the Columbia River in 
the 1980's, providing valuable engineering data and helping to pinpoint design 
weaknesses. Others operated at Solano, California and near Medicine Bow, 
Wyoming. The MOD-2 was an inevitably flawed experimental machine because of 
the huge technological leap it represented from the MOD-1. By 1981, lessons learned 
on the MOD-2's were incorporated in the 3.2-megawatt MOD-5B, a 100+ meter 
behemoth that was still operating (not without problems) on the Island of Oahu, 
Hawaii in 1997.  
A small machine development effort was belatedly started in 1976, when a federal 
test center established at Rocky Flats, Colorado found that available machines were 
neither properly sized, nor reliable enough, to do the jobs envisioned by federal 
application studies. Within four years, 13 wind turbine designs in five application-
based size-ranges were procured, designed, fabricated, and tested. Successes of this 
program included 1-3kW and 6kW small turbines commercialized by Northern 
Power Systems and still being sold for remote power uses, and a three-bladed 40-
60kW machine installed by the hundreds in California wind farms by Enertech.  
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 Figure A. 10: Early on, the federal program had a fatal attraction to "simple," but 
dynamically complex designs, like UTRC's composite flex beam rotor [1].  
The largest U.S. Darrieus machine is a 34-meter, variable-speed test bed, developed 
by Sandia Laboratories, and operated at the USDA Agricultural Research Station in 
Amarillo, Texas to provide experimental data. In Canada, development reached the 
multi-megawatt scale, with the 4-MW Project Eole turbine on Magdalen Island in the 
St. Lawrence River.  
Recent experimental developments for Darrieus systems center around the use of 
pultruded fiberglass rotors because of the high cost of extruded aluminum. The 
flexibility of this material has forced designers away from the "troposkein" shape of 
the earlier machines (from the Greek turning rope) to use an extended height-to-
diameter (EHD) shape that limits blade flexure and increases stiffness. So far, results 
are mixed. 
 
Figure A. 11: Deadly winds build in the Rockies west of an early fiberglass-bladed 
Darrieus wind turbine at the Rocky Flats Test Center, 1981[1]. 
The lopsided pear shape of the Tumac prototype illustrates the structural problems 
that have been a problem for fiberglass Darrieus designs. This particular machine 
failed to survive the first moderately high winds it faced. Some straight-bladed 
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vertical axis turbines of the cyclo-turbine, gyromill, and "H" turbine configurations 
were developed in the 1970s in the United States and Great Britain and into the 
1990s in Germany. None of the straight-bladed designs has proved to be 
commercially successful because of the problems encountered in handling 
cantilevered rotor loads with struts and structural members that cause large amounts 
of aerodynamic drag. 
One of the latest innovations being investigated in the U.S. and Europe is the 
addition of a hinge at the nacelle-tower attachment, allowing the turbine to "nod" up 
and down in response to turbulence and wind shear (the difference in wind speed at 
the top and bottom of the rotor disk). This configuration has been tested at Riso and 
promises substantial reductions in rotor and drive train loads and in control system 
costs.  
The result of recent mergers is that, in 2001, there is a virtual internationalization of 
the wind turbine industry and research community. In 2001, with European wind 
turbine power ratings pushing 2 megawatts, Denmark's Riso Laboratories touting its 
new wind turbine airfoil. The last remaining major area of controversy is the issue of 
two versus three blades for large wind turbines [1].  
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APPENDIX-B 
AERODYNAMICS OF A HAWT ROTOR BLADE 
B.1 Introduction: 
Power production by wind turbines depends on the interaction between the rotor and 
the wind. The wind may be considered to be a combination of mean wind and 
turbulent fluctuations about the mean flow. Wind turbine performance parameters 
like power output and mean loads are determined by the aerodynamic forces 
constituted by the mean wind. Periodic aerodynamic forces caused by the wind 
shear, off-axis winds and rotor rotation and randomly fluctuating forces induced by 
turbulence and dynamic effects are the source of fatigue loads and are a factor in the 
peak loads experienced by a wind turbine. In this section the study focuses primarily 
on steady state aerodynamics. 
Practical horizontal axis wind turbine rotor designs use airfoils to transform the 
kinetic energy in the wind into useful energy. A number of authors have derived 
methods for predicting the steady state performance and sizing of wind turbine 
rotors. The classical analysis of the wind turbine was originally developed by Betz 
and Glauert (Glauert, 1935) in the 1930’s [13]. Subsequently, the theory the theory 
was expanded and adapted for solution by digital computers (Wilson and Lissaman, 
1974, de Vries, 1979)[13]. In all the methods, momentum theory and blade element 
theory are combined into a strip theory that enables calculation of the performance 
characteristics of an annular section of the rotor. The characteristics for the entire 
rotor are then obtained by integrating, or summing, the values obtained for each of 
the annular sections [13]. 
B.2 One-Dimensional Momentum Theory and the Betz Limit: 
This simple model generally attributed to Betz (1926) is based on a linear momentum 
theory developed over 100 years ago to predict the performance of ship propellers. 
This analysis assumes a control volume, in which the control volume boundaries are 
the surface of a stream tube and two cross-sections of the stream tube. The rotor is 
represented by a uniform actuator disk that creates a discontinuity of pressure in the 
stream tube of air flowing through it. Note that this analysis is not limited to any 
particular type of wind turbine [13]. 
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Assumptions: 
• Homogenous, incompressible, steady state fluid flow. 
• No frictional drag, 
• An infinite number of blades, 
• Uniform thrust over the disk or rotor area, 
• A non rotating wake, 
• The static pressure far upstream and far downstream of the rotor is equal to 
the undisturbed ambient static pressure. 
 
Figure B. 1: Actuator disk model of a wind turbine [3].  
Applying the conservation of linear momentum to the control volume enclosing the 
whole system, one can find the net force on the contents of the control volume. 
1 1 4( ) (T U AU U AU 4)ρ ρ= −      (B.1) 
For steady flow: ( )1 4( )AU AU mρ ρ= ?=
)
 therefore: 
1 4(T m U U= −?       (B.2) 
Bernoulli equation can be used in the control volume on both sides of the rotor. 
2 2
1 1 2
1 1
2 2 2
p U p Uρ ρ+ = +      (B.3) 
And  
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2 2
3 3 4
1 1
2 2 4
p U p Uρ ρ+ = +      (B.4) 
 By the assumptions 1 4p p=  and U2 3U= .  
The thrust can also be expressed as the net sum of forces. 
2 2 3(T A p p= − )       (B.5) 
By the (Eq B.3) and (Eq B.4) substituting into (Eq B.5) 
2 2
2 1 4
1 (
2
T A U Uρ= − )       (B.6) 
Equating the (Eq B.2) and (Eq B.6) and recognizing that mass flow rate is  2 2A U
1
2 2
U UU 4+=       (B.7) 
Thus the wind velocity is the average of the upstream and downstream wind speeds. 
The axial induction factor, , is defined as the fractional decrease in wind velocity 
between the free stream and rotor plane, then 
a
1
1
U Ua
U
−= 2         (B.8) 
2 1(1 )U U a= −       (B.9) 
 U U       (B.10) 4 1(1 2 )a= −
For 1
2
=a  simple theory is not applicable. 
The power output is equal to thrust times velocity at the disk: 
2 2
2 1 4 2 2 2 1 4 1 4
1 1( ) ( )(
2 2
P A U U V A U U U U Uρ ρ= − = + − )    (B.11) 
Substituting (Eq B.9) and (Eq B.10) gives 
31 4 (1 )
2
P AU a aρ= − 2       (B.12) 
 Where A2 is replace with A U1 is replaced by U. 
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31
2
P
P Rotor powerC
Power in the windU Aρ
= =      (B.13) 
24 (1 )PC a a= −       (B.14) 
We obtain maximum CP while a=1/3 thus: 
,max 16 / 27 0.593PC = =       (B.15) 
From (Eq B.6), (Eq B.9), (Eq B.10), the axial thrust is: 
[ ]21 4 (1 )
2
T AU aρ= − a      (B.16) 
Similarly to the power, the thrust can be characterized by non-dimensional thrust 
coefficient: 
T
Thrust forceC
Dynamic force
=       (B.17) 
From (Eq B.16) thrust coefficient for an ideal wind turbine is equal to . 4 (1 )a a−
CT has a maximum of 1.0 when a = 0.5 and the downstream velocity is zero. At 
maximum power output (a = 1/3), CT has a value of 8/9. 
In practice three effects lead to decrease in the maximum achievable power 
coefficient: 
Rotation of the wake behind the rotor, 
Finite number of blades and associated tip losses, 
Non-zero aerodynamic drag. 
Power output is also a function of mechanical (including electrical) efficiency of the 
turbine. 
31 (
2out mech P
P AUρ η= )C      (B.18) 
 
B.3 Ideal HAWT with Wake Rotation: 
 62
The previous analysis can be extended to the case where the rotating rotor generates 
angular momentum, which can be related to the torque. In the case of a rotating rotor, 
the flow behind the rotor rotates in the opposite direction to the rotor, in reaction to 
the torque exerted bye the flow of rotor. In general, the extra kinetic energy in the 
wind turbine wake will be higher if the generated torque is higher. Thus slow running 
wind machines (with a low rotational speed high torque) experience more wake 
rotation losses than high-speed wind machines with low torque.  
Assumptions: 
Angular velocity imparted to the flow stream,ω, is small compared to the angular 
velocity, Ω, 
Then the pressure in the far wake is equal to the pressure in the free stream [13]. 
 
Figure B. 2: Geometry for rotor analysis [13]. 
If one uses a control volume that moves with angular velocity of the blades, the 
energy equation can be applied in the sections before and after the blades to derive an 
expression for the pressure difference across the blade for the derivation [13]. Across 
the flow disk, the angular velocity of the air relative to the blade increases from Ω to 
Ω+ω, while the axial component of the velocity remains constant. The results are: 
2
2 3
1( )
2
p p rρ ω ω− = Ω +      (B.19) 
And the thrust dT is; 
2
2 3
1( ) ( ) 2
2
dT p p dA r rdrρ ω ω π = − = Ω +        (B.20) 
The angular induction factor, a′ , can be defined as: 
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/ 2a ω′ = Ω       (B.21) 
Now the induced velocity at the rotor consists of not only the axial component Ua , 
also a component in the rotor plane r a′Ω . 
Then, 
2 214 (1 ) 2
2
dT a a r rdrρ π′ ′= + Ω      (B.22) 
Following the previous linear momentum analysis, the thrust on an annular cross-
section can also be determined by the following expression that uses the axial 
induction factor, a. 
214 (1 ) 2
2
dT a a U rdrρ π= −      (B.23) 
Equating (Eq B.22) and (Eq B.23) gives, 
2 2
2
2
(1 )
(1 ) r
a a r
a a U
λ− Ω= =′ +       (B.24) 
The tip speed ratio is defined as; 
/R Uλ = Ω       (B.25) 
And the local tip speed ratio defined as; 
/r r U r R/λ λ= Ω =       (B.26) 
By applying the conservation of angular momentum, the torque exerted on the rotor, 
Q, must equal to change in angular momentum of the wake. On an incremental 
annular area element this gives: 
2( )( ) ( 2 )( )( )dQ dm r r U rdr r rω ρ π ω= =?      (B.27) 
Since U , this expression reduces to  2 (1 ) / 2U a and a ω′= − = Ω
214 (1 ) 2
2
dQ a a U r rdrρ π′= − Ω      (B.28) 
The power generated at each element, dP, is: 
dP dQ= Ω       (B.29) 
By substituting and dQ rλ in (Eq B.29) we obtain, 
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3 3
2
1 8 (1 )
2 r r
dP AU a a dρ λ λλ
 ′= − 
      (B.30) 
It is seen that the power from any annular ring is a function of the axial and angular 
induction factors and the tip speed ratio. The axial and angular induction factors 
determine the magnitude and direction of the airflow at the rotor plane. The local tip 
speed ratio is a function of the tip speed ratio and radius. 
31
2
p
dPdC
AUρ
=       (B.31) 
Thus 
3
2
0
8 (1 )P r rC a a
λ
dλ λλ ′= −∫      (B.32) 
Solving (Eq B.24) 
2
1 1 41 (1
2 2 r
a aλ
 ′ = − + + −  
)a      (B.33) 
From (Eq B.32) maximum power production occurs when (1 )a a′ −
(1 )
 gets the greatest 
value. Substituting the value for a’ from (Eq B.33) into a a′ −  and setting the 
derivative with respect to a equal to zero yields: 
2
2 (1 )(4 1)
1 3r
a a
a
λ − −= −       (B.34) 
Substituting into (Eq B.24) for maximum power in each annular ring, can be found 
that: 
1 3
4 1
aa
a
−′ = −       (B.35) 
If (Eq B.34) differentiated with respect to a, 
2 22 [6(4 1)(1 2 ) /(1 3 )r rd a a aλ λ = − − − ]da      (B.36) 
By substituting (Eq B.34) and (Eq B.36) into (Eq B.32), we obtain: 
2
1
2
,max 2
24 (1 )(1 2 )(1 4 )
1 3
a
P a
a a aC
aλ
− − −=  − ∫ da      (B.37) 
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1 r corresponds to axial induction factor for 0 and the upper limit a
 corresponds to r
a 2λ
λ λ
=
=  
Also from (Eq B.34)  
2 2
2 2(1 )(1 4 ) /(1 3 )a aλ = − − − 2a
r
     (B.38) 
Corresponding 1 0.25 for 0a λ= = r and from (Eq B.38) a1 1/ 3 for λ λ= =  can be 
obtained [13]. 
B.4 Momentum Theory and Blade Element Theory: 
The Forces on a wind turbine blade and flow conditions at the blades can be derived 
by considering conservation of momentum since force is the rate of change of 
momentum. The necessary equations have already been developed in the derivations 
of the performance of an ideal wind turbine including wake rotation. The present 
analysis is based on the annular control volume. In this analysis the axial and angular 
induction factors are assumed to be functions of the radius, r.  
From (Eq B.5) we obtain: 
2 4 (1 )dT U a a rdrρ= − π      (B.39) 
From (Eq B.10) we obtain: 
34 (1 )dQ a a U r drρ π′= − Ω      (B.40) 
Thus from linear momentum theory we get (Eq B.39) and from angular momentum 
theory we get (Eq B.40) that define the thrust and the torque for an annular section of 
the rotor. 
The forces of a wind turbine can also be expressed as a function of lift and drag 
coefficient and angle of attack. For this analysis the blade is assumed to be divided 
into N elements (sections). And the assumptions below are made: 
There is no aerodynamic interaction between elements. 
The forces on the blades are determined solely by the lift and drag characteristics of 
the airfoil shape of the blades. 
The relative wind is the vector sum of the wind velocity at the rotor U  and the 
wind velocity due to rotation of the blade. The rotational component is the vector 
(1 )a−
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sum of the blade section velocity, Ωr, and the induced angular velocity at he blades 
from conservation of angular momentum, / 2rω  or  
,0Pθ
( / 2) (1 )r r ra r r aω ′ ′Ω + = Ω = Ω +      (B.41) 
In Figure B.4, it can be seen a blade element and its forces and wind speeds effects 
on an element. 
The blade twist angle ,0T P Pθ θ θ= −  where  is the blade pitch angle at the tip.  
And the angle of relative wind is  
pϕ θ α= +       (B.42) 
 
Figure B. 3: Overall geometry for a downwind horizontal axis wind turbine analysis 
[13]. 
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 Figure B. 4: Blade geometry for analysis of a horizontal axis wind turbine. [13] 
From the figure B.4, 
(1 ) 1tan
(1 ) (1 ) r
U a a
r a a
ϕ λ
− −= =′ ′Ω − +      (B.43) 
(1 ) / sinrelU U a ϕ= −       (B.44) 
21
2L l rel
dF C U cdrρ=       (B.45) 
21
2D d rel
dF C U cdrρ=       (B.46) 
cos sinN L DdF dF dFϕ ϕ= +      (B.47) 
sin cosT L DdF dF dFϕ ϕ= −      (B.48) 
If the rotor B blades, the total normal force on the section at a distance, r, from the 
center is given by; 
21 ( cos sin )
2N rel l d
dF B U C C cdrρ ϕ ϕ= +      (B.49) 
The differential torque due to the tangential force operating at a distance, r, from the 
center is given by; 
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TdQ BrdF=       (B.50) 
21 ( sin cos )
2 rel l d
dQ B U C C crdrρ ϕ ϕ= −      (B.51) 
B.5. General Rotor Blade Shape for Ideal Rotor 
B.5.1. Strip theory for a generalized rotor, including wake and rotation 
The analysis of a blade that includes wake rotation builds on the analysis used in the 
previous section. Here we also consider the non-linear range of the lift coefficient 
versus AoA curve, i.e. stall. In this analysis it is assumed that the chord and twist 
distributions of the blade are known. The AoA is not known, but additional 
relationships can be used to solve for the AoA and performance of the blade. 
Equating the forces and moments derived from momentum theory and blade element 
momentum theory, one can derive the flow conditions for a turbine design[13]. 
The thrust dT, is the same force as the normal force, dFN, the relative velocity can be 
expressed as a function of the free stream wind using (Eq B.44). Thus, from BEM;  
2 2 2(1 ) / sin ( cos sin )N ldF U a C C rdrσ πρ ϕ ϕ ϕ′= − + d    (B.52) 
2 2 2 2(1 ) / sin ( cos sin )l ddQ U a C C r drσ πρ ϕ ϕ ϕ′= − −    (B.53) 
Where σ ′ is the local solidity, is defined by: 
/ 2Bc rσ π′ =       (B.54) 
In the calculation of induction factors,  and a a′ , accepted practice is to set 
[4]. For airfoils with low drag coefficients this simplification introduces 
negligible errors. So when the (Eq B.40) and (Eq B.53) equated with C , 
0dC =
0d =
/(1 ) /(4 sin )l ra a Cσ λ ϕ′ ′− =      (B.55) 
By equating (Eq B.39) and (Eq B.52), 
2/(1 ) cos /(4sin )la a Cσ ϕ′− = ϕ      (B.56) 
After some algebraic manipulations using (Eq B.43), (Eq B.55) and (Eq B.56) the 
following useful relationships result: 
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(cos sin )4sin
(sin cos )
r
l
r
C ϕ λ ϕϕ σ ϕ λ ϕ
−= ′ +      (B.57) 
/(1 ) /(4cos )la a Cσ ϕ′ ′ ′+ =      (B.58) 
Other useful relationships that may be derived include: 
/ / tara a nλ ϕ′ =       (B.59) 
21/ 1 4sin /( cos )la Cϕ σ ϕ′= +       (B.60) 
[ ]1/ 4cos /( )) 1la Cϕ σ′ ′= −      (B.61) 
B.5.2. Calculation of Power Coefficient: 
Once has been obtained from each station, the overall rotor power coefficient may 
be calculated from the following equation [6]: 
a
   C a [2 3(8 / ) (1 ) 1 ( / ) cot
h
p r d la C C
λ
λ
] rdλ λ ′= − −∫ ϕ λ     (B.62) 
[ ]2 2 2(8 / ) sin (cos sin )(sin cos ) 1 ( / ) cot
h
P r r d lC C
λ
λ r rC dλ ϕ ϕ λ ϕ ϕ λ ϕ ϕ λ= − + −∫ λ
Q
 (B.63) 
The derivation of (Eq B.63) 
dP dQ= Ω       (B.64) 
h h
R R
r r
P dP d= = Ω∫ ∫       (B.65) 
2 31
2
h
R
r
P
wind
dQPC
P R Uρπ
Ω
= = ∫      (B.66) 
Using (Eq B.53) and (Eq B.8), 
[2 2(2 / ) (1 ) (1/ sin ) 1 ( / ) cot
h
p l d lC C a C C
λ
λ
] 2r rdλ σ ϕ ϕ′= − −∫ λ λ   (B.67) 
From (Eq B.56) and (Eq B.59): 
2(1 ) 4 sin / coslC a aσ ϕ′ − = ϕ      (B.68) 
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tan ra aθ λ′=       (B.69) 
Substituting (Eq B.68) and (Eq B.69) into (Eq B.67) obtains (Eq B.62).  
When C 0d = , (Eq B.62) is equal to (Eq B.32) [13].  
B.5.3 Tip Loss, effect on power coefficient of number of blades: 
Because of the 3D wing effects lift reduces hence power production near the tip. This 
effect is most noticeable with fewer and wider blades. 
A number of methods have been suggested for including this effect. The most 
straightforward approach to use is Prandtl tip loss coefficient, a correction factor: 
[ ]1 ( / 2) 1 ( / )(2 / )cos exp
( / )sin
B r R
F
r R
π ϕ
−    −= −       
π
    (B.70) 
The tip loss correction factor affects the forces derived from momentum theory. Thus  
2 4 (1 )dT F U a a rdrρ= −      (B.71) 
And 
34 (1 )dQ Fa a U r drρ π′= − Ω      (B.72) 
And doing the same analysis it is obtained: 
/(1 ) /(4 sin )l ra a C Fσ λ ϕ′ ′− =      (B.73) 
2/(1 ) cos /(4 sin )la a C Fσ ϕ ϕ′− =      (B.74) 
(cos sin )4 sin
(sin cos )
r
l
r
C F ϕ λ ϕϕ σ ϕ λ ϕ
−= ′ +      (B.75) 
/(1 ) /(4 cos )la a C Fσ ϕ′ ′ ′+ =      (B.76) 
21/ 1 4 sin /( cos )la F Cϕ σ ϕ′= +       (B.77) 
[ ]1/ 4 cos /( )) 1la F Cϕ σ′ ′= −      (B.78) 
(1 )
sin ( / 4 )cot sinrel l
U a UU
C Fϕ σ ϕ
−= = ′ + ϕ      (B.79) 
 71
[2 3(8 / ) (1 ) 1 ( / ) cot
h
p r d lC F a a C C
λ
λ
] rdλ λ ′= − −∫ ϕ λ     (B.80) 
2 2
2
8 sin (cos sin )(sin cos ) 1 ( ) cot
h
d
P r r
l
CC F
C
λ
λ r rdϕ ϕ λ ϕ ϕ λ ϕ ϕ λ λλ
  = − + −     ∫
 (B.81) 
B.5.4 Rotor modeling for turbulent flow wake state: 
Momentum theory is no longer valid at a because the wind velocity in the far 
would be negative. In the turbulent wake state, a solution can be found by using the 
empirical relationship between a and thrust coefficient in conjunction with blade 
element theory. The empirical relationship is developed by Glauert, and shown in 
Figure B. 5.  
0.5≥
 
Figure B. 5: Fits to measured wind turbine thrust coefficients [13]. 
(1/ ) 0.143 0.0203 0.6427(0.889 )Ta F C = + − −      (B.82) 
This equation is valid for a  or equivalently for C0.4> 0.96T = . 
21 2
2
r
N
T
dFC
U rdρ π
=
r
      (B.83) 
From the equation for the normal force from blade element theory, (Eq B.52), the 
local thrust coefficient is: 
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2(1 ) ( cos sin ) / sin
rT l d
C a C C 2σ ϕ ϕ′= − + ϕ      (B.84) 
B.6 Blade Shape for Optimum Rotor with Wake Rotation 
The blade shape for an ideal rotor that includes the effects of wake rotation can be 
determined using the analysis developed for a general rotor. This optimization 
includes wake rotation, but 0dC = and 1F = . One can perform the optimization 
taking the partial derivative of that part of the integral for PC  (Eq B.63) which is the 
function of ϕ  and setting it to zero, i.e.: 
2sin (cos sin )(sin cos ) 0r rϕ λ ϕ ϕ λ ϕϕ
∂  − +∂  =     (B.85) 
This yields: 
[ ]sin (2cos 1) / (1 cos )(2cos 1)rλ ϕ ϕ ϕ ϕ= − − +      (B.86) 
Some more algebra reveals that: 
1(2 / 3) tan (1/ )rϕ λ−=       (B.87) 
8 (1 cos )
l
rc
BC
π ϕ= −       (B.88) 
Induction factors can be calculated from: 
1 3
4 1
aa
a
−′ = −       (B.89) 
21/ 1 4sin /( cos )la Cϕ σ ϕ′= +       (B.90) 
These results can be compared with the results for an ideal blade without wake 
rotation, for which: 
1 2tan
3 r
ϕ λ
−  =  
      (B.91) 
8 sin
3l r
rc
BC
π ϕ
λ
 =  
      (B.92) 
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The optimum values for ϕ and , including wake rotation, are often similar to, but 
could be significantly different from, those obtained without assuming wake rotation. 
Also, as before, select 
c
α  where C  is minimum [13]. /d Cl
Solidity is the ratio of the area of the blades to the swept area, thus: 
2
1
h
R
r
cdr
R
σ π= ∫       (B.93) 
When the blade is modeled as a set of N blade sections of equal span, the solidity can 
be calculated from [13]: 
1
/
N
i
i
B c R
N
σ π =
≅  ∑
       (B.94) 
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APPENDIX-C 
SHELL181: Finite Strain Layered  
Element Description [20] 
SHELL181 is suitable for analyzing thin to moderately thick shell structures. It is a 
four-nodded element with six degrees of freedom at each node: translations in the x, 
y, and z directions, and rotations about the x, y, and z-axes. The degenerate triangular 
option should only be used as filler elements in mesh generation. 
SHELL181 is well suited for linear, large rotation, and/or large strain nonlinear 
applications. Change in shell thickness is accounted for in nonlinear analyses. In the 
element domain, both full and reduced integration schemes are supported. 
SHELL181 accounts for follower (load stiffness) effects of distributed pressures. 
SHELL181 may be used for layered applications for modeling laminated composite 
shells or sandwich construction. The accuracy in modeling composite shells is 
governed by the first order shear deformation theory (usually referred to as Mindlin / 
Reissner shell theory). 
SHELL181 can be used instead of SHELL43 for many problems that have 
convergence difficulty with SHELL43. See the ANSYS, Inc. Theory Reference for 
more details about this element. 
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 Figure C. 1: Shell 181, Finite strain shell [20]. 
 
Input Data 
The geometry, node locations, and the coordinate system for this element are shown 
in SHELL181 Finite Strain Shell. The element is defined by four nodes: I, J, K, and 
L. The element formulation is based on logarithmic strain and true stress measures. 
The element kinematics allow for finite membrane strains (stretching). However, the 
curvature changes within a time increment are assumed to be small. You may use 
either real constants or section definition to define the thickness and other 
information. The option of using real constants is only for single layer shells. If a 
SHELL181 element references both real constant set data, and a valid shell section 
type, real constant data will be ignored. 
SHELL181 Input Summary 
Element Name: SHELL181 
Nodes: I, J, K, L 
Degrees of Freedom: UX, UY, UZ, ROTX, ROTY, ROTZ 
Real Constants: See Real Constants  
If a SHELL181 element references a valid shell section type, any real constant data 
specified will be ignored. 
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Material Properties: EX, EY, EZ, (PRXY, PRYZ, PRXZ, or NUXY, NUYZ, 
NUXZ), ALPX, ALPY, ALPZ, DENS, GXY, GYZ, GXZ, DAMP 
Surface Loads 
Pressures: Face 1 (I-J-K-L) (bottom, in +N direction), face 2 (I-J-K-L) (top, in -N 
direction), face 3 (J-I), face 4 (K-J), face 5 (L-K), face 6 (I-L) 
Body Loads 
Temperatures: T1, T2, T3, T4 at bottom of layer 1, T5, T6, T7, T8 between layers 1-
2, similarly for between next layers, ending with temperatures at top of layer NL 
(4*(NL+1) maximum). Hence, for one-layer elements, 8 temperatures are used. 
Special Features 
Plasticity, Hyperelasticity, Viscoelasticity, Viscoplasticity, Creep, Stress stiffening 
(available with NLGEOM, ON only), Large deflection, Large strain, Initial stress 
import, Birth and death. Supports the following types of data tables associated with 
the TB command: ANEL, BISO, MISO, NLISO, BKIN, MKIN, KINH, 
CHABOCHE, HILL, RATE, CREEP, HYPER, PRONY, SHIFT, CAST, and USER. 
Assumptions and restrictions 
Zero area elements are not allowed (this occurs most often whenever the elements 
are not numbered properly). 
 Zero thickness elements or elements tapering down to a zero thickness at any corner 
are not allowed (but zero thickness layers are allowed). 
In a nonlinear analysis, the solution is terminated if the thickness at any integration 
point that was defined with a non-zero thickness vanishes (within a small numerical 
tolerance). 
We do not recommend using this element in triangular form. 
This element works best with full Newton-Raphson solution scheme (NROPT, 
FULL, ON). 
For nonlinear problems dominated by large rotations and loading, we recommend 
that you not use PRED, ON. 
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SHELL181 will ignore rotary inertia effects when an unbalanced laminate 
construction is used. 
No slippage is assumed between the element layers. Shear deflections are included in 
the element; however, normals to the center plane before deformation are assumed to 
remain straight after deformation. 
If multiple load steps are used, the number of layers may not change between load 
steps. 
The section definition will permit use of hyperelastic material models and elasto-
plastic material models in laminate definition. However, the accuracy of the solution 
is primarily governed by fundamental assumptions of shell theory. The applicability 
of shell theory in such cases is best understood by using a comparable solid model. 
Transverse shear stiffness of the shell section is estimated by an energy equivalence 
procedure (of the generalized section forces & strains vs. the material point stresses 
and strains).  
The accuracy of this calculation may be adversely affected if the ratio of material 
stiff nesses (Young's moduli) between adjacent layers is very high. 
The calculation of interlaminar shear stresses is based on simplifying assumptions of 
unidirectional, uncoupled bending in each direction.  
If accurate edge interlaminar shear stresses are required, shell-to-solid submodeling 
should be used. 
A maximum of 255 Layers is supported. 
We recommend the use of Keyopt (3)=2 for most composite analysis (necessary to 
capture the stress gradients). 
The layer orientation angle has no effect if the material of the layer is hyperelastic. 
If a shell section has only one layer, and the number of section integration points is 
equal to one, then the shell does not have any bending stiffness. This may result in 
solver difficulties, and may affect convergence adversely [20]. 
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